ABSTRACT Although the rate dependence of isolated muscle contractility is well known, the ventricular end-systolic pressure-volume relationship (ESPVR) has been reported to be insensitive to heart rate. To resolve this contradiction, we used an isolated, ejecting canine heart preparation perfused at a constant coronary arterial pressure. Heart rate was changed from 60 to 200 beats/min in steps of 20 beats/min. At least 10 pressure-volume loops under different filling pressures were obtained at each heart rate in each of six hearts. Over a heart rate range from 60 to 120 beats/min, the slope of the ESPVR (Ees) increased significantly from 3.5 ± 0.4 (SE) to 5.3 0.6 mm Hg/ml. In the range between 120 and 180 beats/min there was little change in Bes (5.3 + 0.6 to 5.4 + 0.6 mm Hg/ml), but at 200 beats/min Ees increased slightly to 5.7 0.5 mm Hg/ml. The volume axis intercept (V0) of the ESPVR changed little over the range of heart rate from 60 to 160 beats/min (10.2 ± 2 ml to 9.4 ± 1.3 ml) but increased to 15.2 + 1.2 ml at a rate of 200 beats/min. The change in ESPVR with increase in heart rate from 60 to 120 beats/min (i.e., increase in Ees without change in V0) is the same as those seen with a positive inotropic intervention with calcium or cathecholamines, whereas the V0 changes over the range from 160 to 200 beats/min is similar to those seen with regional ischemia. The insensitivity of ESPVR in the midrange may be the result of a balance of positive and negative influences on ventricular contraction or a restricted range for the increase in inotropic state with higher rate. Circulation 72, No. 3, 654-659, 1985. PHYSIOLOGISTS have long been aware that frequency of contraction influences the contractile state of myocardium. The earliest description of this phenomenon has been credited to Bowditch'; many investigators have since shown that in isolated muscle preparations24 and in isovolumically contracting hearts,5-' peak systolic tension or pressure is increased as the frequency of contraction increases.
PHYSIOLOGISTS have long been aware that frequency of contraction influences the contractile state of myocardium. The earliest description of this phenomenon has been credited to Bowditch'; many investigators have since shown that in isolated muscle preparations24 and in isovolumically contracting hearts,5-' peak systolic tension or pressure is increased as the frequency of contraction increases.
However, several investigators have questioned the importance of the frequency effect on contractility in vivo. 14 For example, Kavaler et al. 9 showed that the effect was far less marked or absent in unexcised canine papillary muscles beating in situ. Suga et al.14 showed that changing heart rate over the midrange caused very little change in the end-systolic pressurevolume relationship (ESPVR).
The purpose of this investigation was to reinvestiFrom the Department of Medicine, Cardiology Division and Division of Biomedical Engineering, Johns Hopkins University, Baltimore.
Supported by USPHS grant HL 14903 and Ischemic Heart Disease (SCOR) grant HL 17655. gate in excised, ejecting canine hearts the effects of extensive change in heart rate on the ESPVR under strictly controlled ejecting conditions, free of reflex stimulation, and over a wider range of heart rates than previously tested.
Methods
Surgical preparation. The supported isolated canine heart preparation used in this study has been previously described. 8 Briefly, we used two dogs (20 to 25 kg) per experiment. Both dogs were anesthetized with sodium pentobarbital (25 mg/kg iv bolus) and placed on respirators. One dog supplied oxygenated blood to the heart excised from the second dog as shown in figure 1 .
Arterial blood from the femoral arteries of the support animal passed first through a heat exchanger (water bath at 38°C) and a peristaltic pump, then through a "depulsator and debubbling chamber" to the aortic root of the isolated heart. After passing through the coronary vessels, the venous blood was collected and returned to the support dog via the femoral veins. The support dog's arterial pressure was continuously monitored by a pressure transducer (Statham P23Db) via a catheter in the carotid artery. An oxygenator placed in parallel with the support dog (figure 1) was used during the isolation of the donor dog heart and if the support dog became hypotensive during the experiment.
Coronary perfusion pressure was monitored with a catheter in the aortic arch and maintained at a constant level between 80 and 100 mm Hg. Vents were placed in the apices of the right and FIGURE 1. Schematic diagram of the isolated canine heart preparation. Coronary perfusion is maintained constant with blood from an oxygenator or second support animal. The left ventricle contains a balloon. Ejection and filling of the left ventricle is controlled by a servomotor with a computer-generated volume-command signal.
left ventricles. The left atrium was opened and the chordae tendineae were severed. A metal ring was sutured to the mitral anulus. A water-filled latex balloon connected to a servocontrolled piston pumpl5 was placed within the left ventricle through the metal ring. When the surgical preparation was complete, suction was applied through the left ventricular vent so that the balloon and the left ventricle had very nearly the same volume.
The intrinsic heart rate of the isolated heart tended to be between 100 and 120 beats/min. To obtain lower heart rates it was usually necessary to block the atrioventricular (AV) conduction by damaging the AV node with a suture and to pace the heart from the ventricle at the desired low rates.
Servopump hardware. The right side of figure 1 shows a schematic representation of the ventricular volume control pump system. Details of its design and performance have been previously reported. ' sure, measured by a Konigsburg pressure transducer (P-21) placed inside the balloon, served as the input to an analog computer programmed to solve differential equations that describe both the ventricular preloading and afterloading circuit. The characteristics of this system have been previously described.16 It allows the ventricle to fill from a fixed pressure source through a preloading system and eject into an afterloading system with precisely controlled afterload resistance, compliance, and characteristic impedance.
Coronary perfusion pressure and left ventricular volume and pressure were recorded simultaneously on a strip chart. Pressure-volume loops were recorded on a storage oscilloscope (Techtronix, Model 51 1 1) and photographed.
Protocol. Left ventricular diastolic pressure was set to produce a peak systolic pressure between 100 and 120 mm Hg at a control coronary perfusion pressure of 80 mm Hg against a control set of arterial impedance parameters (resistance = 3.0 mm Hg-sec/ml, compliance = 0.4 ml/mm Hg, characteristic impedance = 0.2 mm Hg-sec/ml) and at a heart rate of 120 beats/min. The filling pressure, controlled by the computer, was then lowered over 10 sec until the peak systolic pressure became less than 20 mm Hg. The filling pressure was then returned to its initial value.
This was repeated for heart rates of 60, 80, 100, 120, 140, 160, 180, and 200 beats/min. At each heart rate we waited until steady state was reached before recording data. The sequence of the heart rates was varied from heart to heart, and the initial condition was recreated at the end of the sequence to determine whether the contractile state of the preparation changed during the experiment. When a clear change was recognized, the data from the heart was discarded.
Data analysis. The Polaroid pictures of the oscilloscope tracing of pressure-volume loops were used to measure the slope and volume axis parameters of the ESPVR. The ESPVR was traced, the tracing calibrated, and the slope and intercept determined from the tracing.
(dP/dt)max was determined by numerical differentiation of the digitized pressure recording (LSI 11/34 16 bit minicomputer). The (dP/dt)max for corresponding volumes at each heart rate was determined by interpolation with a linear least-squares regression of (dP/dt)max on end-diastolic volume.
Statistical analysis. For each heart, linear regression was applied to the slope vs heart rate relationship and the intercept vs heart rate relationship of the ESPVR over the heart rate ranges from 60 to 120, 120 to 160, and 160 to 200 beats/min. An analysis of variance was applied to compare the slopes of the linear regression over these three ranges. Significance was defined at the p < .01 level.
An analysis of variance and covariance with repeated measures (BMDP statistical package) was used for comparison of (dP/dt)max.
Results Figure 2 shows an example of the data from a single heart. The eight panels in the top Figure 5 shows the (dP/dt)max/heart rate ri There was a statistically significant i (dP/dt)max over the heart rate range of 60 t( min (1192 ± 309 to 1850 + 368 mm F .001, n = 6). Over the heart rate range beats/min there was a variable upward tre not significant, and from 160 to 200 beal was a downward trend that was not statistic cant (2163 ± 432 to 2011 ± 380 mm H NS, n = 6).
Discussion
We have shown that in the isolated cani tricle, the influence of heart rate on the pends on the range over which heart rate vw in the range between 60 to 120 beats/min steady increase in demonstrated that over the range from 60 to 180 beats/ min, the mean rate of pressure rise increased, stroke power increased, and dP/dt increased. However, stroke work remained nearly constant over the entire range. Lendrum et al.6 studied the effect of heart rate in isovolumically contracting dog hearts. In their preparation the heart remained in situ, and heart rate was not controlled but changed spontaneously. Monroe  180 200 and French7 used an isolated heart compressing air. They reported one heart in which heart rate was changed from 30 to 254 beats/min in four steps. An id-systole (Te). increase in the slope of the ESPVR was seen with each znd-diastole step of increase in heart rate. In contrast, Suga et al.,8 the time at using an isolated ejecting canine heart, found that the he point that slope of the ESPVR increased only slightly and inconn individual sistently among different hearts. They reported an increase of 0.54 + 0.84 mm Hg/ml per 100 beats/min elationship.
increase in paced heart rate. These studies all suggest increase in that there is a shift to the left of the ESPVR with ) 120 beats/ increasing heart rate but have not convincingly demonIg/sec; p < strated the quantitative difference in these shifts over 120 to 160 different heart rate ranges. nd that was Our study has the advantage of using an isolated ts/min there heart, free of the influence of reflex and external fac--ally signifitors, ejecting at physiologic preload, and under preIg/sec; p cisely controlled afterload impedance. These factors, along with precise volume measurements, allowed us to measure ventricular chamber function accurately. In addition, we controlled coronary perfusion pressure ine left venprecisely, removing another confounding variable.
ESPVR de-
The mechanism of the frequency range-dependent aried. Withdifference in the effect of heart rate is not revealed there was a from our data. It has been previously suggested that rariations in activation has both a positive and a negative inotropic s/min) there effect. ' HEART RATE (beats/min) FIGURE 5. The influence of heart rate on (dP/dt)max. Our data for dP/dt showed a trend similar to that shown in the ESPVR data. That is, over the lower heart rate range there was a significant increase in dP/dt with heart rate, in the middle range there was no significant influence of heart rate on dP/dt, and in the high range there was a trend toward decreasing dP/dt (although not statistically significant). It should be noted that (dP/dt)max has a strong dependence on preload. Preload is altered by heart rate changes, so a valid comparison of dP/dt and heart rate cannot be made without correcting for this load dependence as was done in our analysis. The shift of the ESPVR in a nearly parallel manner with heart rate increase above 180 beats/min is very similar to the change previously shown in regional ischemia. 22 We have no evidence, however, that regional ischemia was present, nor is there an a priori reason to believe so. An alternative explanation would be that the shape of the heart has changed at the higher heart rate, leading to the ESPVR shift. Further studies are needed to elucidate the mechanism of these changes.
The ESPVR is being used as an index of left ventricular pump function in patients. Several pressurevolume loops under different loading conditions are presently required for measurement of the ESPVR. Because heart rate may change unintentionally during the load manipulation, the present information on the significant influence of change in heart rate itself in the physiologic (low) range on the ESPVR becomes of importance Unless it is clear that a patient is undergoing evaluation in a range where the ESPVR is insensitive to changes in heart rate, it will be best to ensure, by pacing if necessary, that the heart rate does not vary during the measurement of ESPVR. If extrapolation of the present results to humans is allowed, any significant change in heart rate should be strictly avoided in the low range.
The sensitivity of the ESPVR to heart rate may be useful as an index of the metabolic state of cardiac muscle, since changes in the balance between oxygen demand and calcium delivery will probably lead to changes in the response of the ESPVR to heart rate. Differences between responses of patients with and without regional ischemia have already been demonstrated. 23 Thus the difference in the response of ESPVR to changes in heart rate have the potential to add diagnostic information in patients.
The tightly controlled conditions in this study are the major limitation for extrapolating the results of this study to intact animals or patients. Many of the controlled factors (reflex activity, changing hormonal background, changing coronary perfusion pressure) could significantly modify the response of cardiac performance to changes in heart rate.
Further studies are needed to quantify these changes in patients and to determine the influence of disease states on the sensitivity of ESPVR to heart rate.
